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Optical gratings induced by field-free alignment of molecules
A.Rouze´e, V.Renard, S.Gue´rin, O.Faucher, and B.Lavorel
Laboratoire de Physique de l’Universite´ de Bourgogne,
UMR CNRS 5027, BP 47870, 21078 Dijon Cedex, France
(Dated: May 14, 2019)
We analyze the alignment of molecules generated by a pair of crossed ultra-short pump pulses
of different polarizations by a technique based on the induced time-dependent gratings. Parallel
polarizations yield an intensity grating, while perpendicular polarizations induce a polarization
grating. We show that both configurations can be interpreted at moderate intensity as an alignment
induced by a single polarized pump pulse. The advantage of the perpendicular polarizations is to
give a signal of alignment that is free from the plasma contribution. Experiments on femtosecond
transient gratings with aligned molecules were performed in CO2 at room temperature in a static
cell and at 30 K in a molecular expansion jet.
PACS numbers: 33.80. b, 32.80.Lg, 42.50.Hz, 42.50.Md
I. INTRODUCTION
Excitation with non-resonant high power laser pulses
has become a powerful technique for preparing aligned
molecules [1]. With ultra-short laser pulses, typically of
less than 100 fs pulse duration, molecules periodically re-
align after the pump extinction, showing revivals in the
observed signal. Various methods are employed to mea-
sure such post-pulse molecular alignment. They make
use either of ionization-fragmentation combined with an
imaging technique [1, 2] or of non-linear optical prop-
erties [3, 4]. In the methods of the latter category, the
depolarization or the spatial deformation of a probe pulse
is measured as a function of time elapsed after the align-
ing pulse. The effect is based on the time-dependent
non-linear contribution of alignment to the refractive in-
dex [3, 4]. Transient grating experiments have been also
performed to explore alignment of molecules [5, 6]. In
these experiments, a transient grating was produced by
two synchronized pump pulses, and the amount of light
diffracted from a third probe pulse was recorded at differ-
ent delays. It appeared that the recorded signal exhibited
the same time behavior than other alignment signals, i.e.
confirming the detection of post-pulse molecular align-
ment. As in Refs. [3, 4] a deformation of the measured
signal with increasing intensity has been noted. Whereas
in Ref. [5], the change in the shape of the revivals has
been attributed to molecular changes and the apparition
of a constant background due to ionization and plasma
formation, a more likely explanation for this modifica-
tion of DFWM transient shapes has been suggested [7]:
the background is due to permanent alignment and the
alteration of revivals is a consequence of heterodyning
with this background. In fact, this had been already
pointed out for all experiments with homodyne detec-
tion [3]. Stavros et al. [6] corroborated this explanation
in the case of DFWM for O2 molecules. At the highest
intensity investigated in Ref. [6], the possible contribu-
tion of an ion grating has also been suggested.
The aim of the present work is to investigate the mech-
anisms involved in high intensity DFWM experiments by
using two types of gratings (intensity or polarization grat-
ing) produced by two crossed beams. Furthermore, it will
be shown that quantitative measurement of alignment
with both configurations is possible with this technique.
II. EXPERIMENTAL SETUP
The experimental setup uses the well known femtosec-
ond degenerate four-wave mixing technique (DFWM)
also called femtosecond transient grating spectroscopy
[8]. It consists of exciting the molecular sample by two
synchronized pump pulses at 800 nm (pulse duration of
90 fs) focused and crossed at a given angle Θ (Fig.1).
They are both derived from a chirped pulse amplified
Ti:Sapphire system working at 20 Hz. The energy and
the polarization direction of the two pump pulses are
controlled by means of a half-wave plate and a polar-
izer. A third probe pulse, time delayed with respect to
the pumps, is mixed with the others. The probe beam
sees a transient grating and is diffracted. The amount
of diffracted light is monitored as a function of the time
delay with a photomultiplier. The sample is a CO2 gas,
either at room temperature in a static cell, or in a molec-
ular supersonic jet for lower rotational temperatures.
Both beams are focused and collimated with f = 300
mm lenses. It is noticed that, like in other all-optical
methods, DFWM gives the opportunity to work with a
good sensitivity in a wide pressure range (typically from
1 mbar to a few bars). The role of the two pump pulses is
to excite the rotational coherence of the molecules. Two
different experiments have been performed which corre-
spond to parallel and perpendicular polarizations of the
pump pulses. The two cases are treated separately in the
next sections.
2III. THEORY
A. Parallel polarizations: linear total polarization,
intensity grating
We consider a simplified model for the formation of
the grating. We assume two plane waves, with wave-
length λ, propagating in the (x, z) plane with wave vec-
tors (−kx, 0, kz) and (kx, 0, kz) (see Fig. 1). The small
cross-angle between the two pump beams is given by
sin(Θ/2) = kxλ/2π ≈ Θ/2. With two pump pulses polar-
ized along the y-axis (of vector unit ~ey), an intensity grat-
ing is formed with a total electric field periodically modu-
lated along the x-axis: ~Epump = 2Ep(t) cos(kxx) cos(ωt−
kzz)~ey, where Ep(t) is the pump field envelope (taken the
same for both fields). We are facing therefore the case of
molecules interacting with a non resonant linearly polar-
ized laser field, which has been extensively studied (see
Ref. [1] and references therein). The additional ingre-
dient is the spatial modulation of the total intensity. If
we consider a weak probe pulse polarized parallel to the
pumps (y-axis) and which propagates with the wave vec-
tor (−kx, 0, kz), the only component of the induced dipole
at a position ~r = (x, y, z) whose expectation value does
not average out is the y-component :
〈~µind〉~r,t =
[
α¯+∆α
(〈cos2 θy〉~r,t − 1/3)]
×Eprobe(t) cos(ωt+ kxx− kzz)~ey, (1)
where α¯ is the mean polarizability, ∆α = α‖ − α⊥ is
the difference of polarizability parallel and perpendicular
to the molecular axis, Eprobe(t) is the probe envelope,
and θy is the angle between the molecular axis and the
common polarization direction (y-axis). The expectation
value 〈cos2 θy〉~r,t is a measure of alignment and is a func-
tion of the total pump intensity at the position ~r. Conse-
quently, it has the same spatial period as the total inten-
sity. It also depends on the time delay between the pump
and probe pulses. The signal electric field measured by
the photo-detector is then obtained by summation over
the interaction volume of spherical waves radiated by the
dipole. The first term of the right hand side of Eq. (1)
describes the effect of the linear index of refraction on
the probe beam and is not interesting for our purpose.
The second term is periodic and leads to constructive
interference along symmetric phase-matching directions
x/z = (2n− 1)kx/kz, with n the diffraction order. Only
the order 1 is considered experimentally (see Fig. 1).
The experimental signal measured at a position ~r0, pro-
portional to the modulus squared of the total electric
field, is interpreted as the diffraction of the probe beam
by the transient grating produced by the pumps
Isig(~r0, t) ∝ | ~Esig(~r0, t)|2 ∝ |
∫ ∫ ∫
V
drR[ ~Erad(~R, t)]|2,
(2)
with ~Erad the spherical electric field radiated by the
dipole moment
~Erad(~R, t) =
k2
4πǫ0
〈~µind〉~r,t e
ikR
R
(3)
and with ~R = ~r0 − ~r, x/x0, y/y0, z/z0 ≪ 1, k ≃ ω/c.
y z
x
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FIG. 1: Experimental scheme for transient grating experi-
ments (see text). Ep and Eprobe are respectively the pump
and probe field envelope. The diffracted signal field envelope
is Esignal .
At low and moderate intensities (i.e. below the sat-
uration of alignment), numerical simulations show that
〈cos2 θy〉~r,t − 1/3 is approximately proportional to the
total pump intensity 4I0 cos
2(kxx) = 2I0(1 + cos 2kxx),
where I0 is the peak intensity of a single pump (see Ap-
pendix A1). The constant term 2I0 corresponds to the
zeroth order of diffraction and is responsible for nonlinear
variation of the refractive index seen by the probe pulse.
The second term 2I0 cos 2kxx leads to diffraction orders
n = ±1. It is shown in Appendix A1 that :
〈cos2 θy〉~r,t−1/3 ≈
(〈cos2 θy〉t − 1/3) (1+cos2kxx), (4)
with
〈cos2 θy〉t − 1/3 ≈ 2ξ0[δ + κf(t)], (5)
and
ξ0 = ∆α/4~
∫
dtE2p(t), (6)
the intensity area of a single pump. 〈cos2 θy〉t corre-
sponds to the alignment that would be induced by a
single linearly polarized pulse of intensity 2I0. For a
given molecule and temperature, δ and κ are constant
(δ and κ→ 0 at low intensity), and f(t) is a specific func-
tion independent of ξ0. The summation over the volume
(Eq.(2)) gives a signal of intensity :
Isig(t) ∝
(〈cos2 θy〉t − 1/3)2 , (7)
where the spatial dependence has now disappeared. The
measured signal (order 1) can thus be calculated for
any pump-probe time delay, solving the time-dependent
3Schro¨dinger equation [3] using a single linearly polarized
pump beam of intensity 2I0. This takes into account the
fact that the spatial distribution of the total intensity is
modulated between 0 and 4I0.
In other words, the sample of aligned molecules
presents a nonlinear index of refraction, which depends
on the pump intensity. As the intensity along the grating
is modulated by optical interferences, a spatial modula-
tion of refractive index is formed. This gives a refractive
index grating and a signal directly related to the post-
pulse alignment, as shown by Eq. (7).
B. Perpendicular polarizations: elliptic total
polarization, polarization grating
For perpendicular polarizations, with one pump
aligned at −45◦ and the other at +45◦ with respect to the
y-axis, the resulting field is in general elliptically polar-
ized. The state of polarization of the total pump electric
field depends on the spatial position and alternates be-
tween linear and circular, forming a polarization grating.
In a grating period, the total electric field varies from lin-
ear (along the y-axis), circular (right), linear (along the
x-axis), to circular (left), with intermediate elliptic polar-
izations. Furthermore, its magnitude varies periodically
along the x-coordinate and is maximum for the linear
polarization and minimum for the circular one. Since Θ
is a small angle, the total pump field is indeed polarized
in the (x, y) plane as
~Epump =
√
2Ep(t)[A(x) sin(ωt− kzz)~ex
+B(x) cos(ωt− kzz)~ey] (8)
with A(x) = ± sin(kxx), B(x) = cos(kxx), and Ep(t) the
pump envelope. The interaction Hamiltonian reads [11]:
Hint = −1
2
E2p(t)∆α sin
2 θz
× [(A2(x) −B2(x)) cos2 φz +B2(x)] (9a)
= −1
2
E2p(t)∆α
× [A2(x) cos2 θx +B2(x) cos2 θy] , (9b)
where now θi (i = x, y, z) is the angle between the molec-
ular axis and the i-direction, and φz the corresponding
azimuthal angle with respect to the z-direction. We have
used the identity cos2 θx = sin
2 θz cos
2 φz . The quanti-
ties that do not depend on θi nor φz have been omitted
in Eqs. (9) since they lead to irrelevant global phases.
The wave function ψ(x) can be estimated from the
simulation of the time-dependent Schro¨dinger equation
including the interaction (9), and with given functions
A(x) and B(x). The expectation value of the dipole in-
duced by a +45◦ polarized probe can be then calculated
at a given spatial position r. The induced dipole whose
component is filtered by a polarizer set at −45◦ is given
by:
〈µind〉~r,t = 1
2
∆αEprobe(t) cos(ωt+ kxx− kzz)
×(〈cos2 θx〉~r,t − 〈cos2 θy〉~r,t). (10)
It is shown in Appendix (A 2) that the preceding equation
can be approximated by :
〈µind〉~r,t ≈ ∆αEprobe(t) cos(ωt+ kxx− kzz)
×3
2
(A2(x) −B2(x))ξ0(δ + κfℓ(t)), (11)
where we have considered that the Hamiltonian (9) can
be written as a superposition of two Hamiltonians cor-
responding to linear pump polarizations along x- and y-
directions, respectively. The term (A2(x)−B2(x)) in (11)
can be rewritten as 1
2
((1− cos2kxx)− (1+ cos2kxx)). It
follows that the induced dipole can be considered as cre-
ated by two out of phase intensity gratings with a spatial
modulation (1±cos 2kxx). This has been initially demon-
strated at low intensities when the perturbation theory
applies [12] : a polarization grating can be decomposed
in two out of phase intensity gratings with perpendicular
polarizations. One result of the present work is to show
that this simple decomposition can be extended beyond
the perturbation regime at moderate intensities. As in
Section IIIA, the calculation of the observable requires
the summation of the radiated spherical electric fields
over the interaction volume. We consider the signal pro-
duced along the phase-matching direction x/z = kx/kz
(order 1) and find that the associated signal can be ob-
tained by calculating numerically 〈cos2 θ〉t − 1/3 using a
linearly polarized field at an intensity I0 since the induced
dipole moment (11) is modulated between 0 (circular po-
larization, A = B) and a maximum value corresponding
to a pump linear polarization with an intensity 2I0.
IV. RESULTS
A. Parallel polarizations
For parallel polarizations, optical interferences be-
tween the two pumps lead to an intensity grating. The in-
teraction Hamiltonian can thus be directly derived from
earlier studies of alignment with a linear polarization.
The molecular alignment reflects the total intensity and
follows the fringe pattern. An example is shown in Fig.
2 for pump intensities I0 = 19 TW/cm
2. As in the po-
larization technique, the modification of the experimen-
tal signal with respect to the weak field signal, is inter-
preted as alignment revivals heterodyned by the perma-
nent alignment. The simulations (Eq. (7)) should be per-
formed at an intensity taking into account the transverse
profile of the two pump beams (gaussian distribution)
which was not considered in the theoretical section. This
effect can be roughly accounted for by a factor 1/2 in the
experimental intensity, i.e. by comparing the theoretical
4intensity (about 20 TW/cm2 for the best fit) to the peak
intensity I0 of only one pump beam (19 TW/cm
2). It
is noted that, unlike in Ref. [5], here no molecular de-
formation is put forward to interpret the experimental
signal.
FIG. 2: Recorded DFWM signal (dots) as a function of pump-
probe time delay in a static cell of CO2 at room temperature
for parallel polarizations. Pressure is 0.1 bar and the peak
intensity of each pump is 19 TW/cm2. Simulated signal [full
line, Eq. (7)] is calculated at 20 TW/cm2.
At higher intensity, a strong background is observed
which heterodynes and distorts the alignment signal.
This phenomenon is attributed to the contribution of
a refractive index grating due to a spatial distribution
of electron density. Indeed, the electronic density pro-
duced by ionization follows the spatial intensity distri-
bution of the pump with a lifetime of several nanosec-
onds [13]. As a consequence, the refractive index seen
by the probe is modified and a grating is formed. The
effect becomes very strong as the peak intensity of the
bright fringes approaches the ionization saturation inten-
sity (200 TW/cm2 for CO2). Some applications of this
effect, which limits the range of intensity for the present
study of alignment, is discussed in Ref. [14].
B. Perpendicular polarizations
To overcome the intensity limitation discussed above,
the polarizations of the two pump beams have been
crossed. In that case, no optical interferences occur, and
the intensity is constant over the interaction volume, ex-
cept for the overall Gaussian distribution. A polarization
grating is formed as discussed in the previous sections.
Nevertheless, the instantaneous total intensity for the lin-
ear polarization is twice that of the circular one. As the
ionization process is a function of the instantaneous in-
tensity, the ionization rate and the electron density reflect
the periodic distribution of this quantity. A refractive in-
dex grating due to the electrons is formed as in the linear
case. But as the ionization rate is the same for the two
linear (along the x and y-axis) and for the two circular
polarizations (left and right), the grating has a periodic-
ity twice that of the parallel polarizations case (A). The
angle of diffraction is doubled and the probe diffracted
by this grating can be spatially resolved from the one
diffracted by the alignment-induced grating. The exper-
iment is therefore not sensitive to the electron density
grating.
The Hamiltonian describing the interaction of the
molecules with an elliptic electric field as well as the
induced dipole moment have been given in the theo-
retical section. It has been shown that the observed
signal can be approximated by using the dipole mo-
ment (11) at low and moderate intensities. To simu-
late the experimental data, we thus used the same rou-
tine as for parallel polarizations. Some results are shown
in Fig. 3. Again the transverse spatial profile of the
pump pulses should be taken into account through a
factor 1/2, i.e. the simulated intensity has to be com-
pared to 1/2 times the maximum intensity of one pump
beam. The degree of alignment, quantified by 〈cos2 θ〉t,
is directly deduced from simulations. Even though the
higher experimental intensities correspond to saturation
of 〈cos2 θ〉r,t − 1/3, the calculated intensity approaches
the expected value (see Fig.3). The volume averaging
of the signal tends to smooth out the saturation pro-
cess of alignment. For much higher intensities, discrep-
ancies between calculated and experimental (I0/2) inten-
sity should appear, as shown in Ref.[10]. This effect is
due to the strong saturation of alignment at the center
of the pumped volume. In that case, Eq.(11) can not be
used and the observed signal is no more accurately sim-
ulated by Eq.(A9). Nevertheless, it would be possible,
even though it would be time consuming, to reproduce
the experimental data by numerical simulation of Eqs.(9,
10).
One of the goals of the present work was to align cold
molecules in order to increase the efficiency of the pro-
cess. To obtain low temperatures, we used a pulsed su-
personic jet in which the pressure is only a few mbar, de-
pending on the distance from the nozzle. Before attempt-
ing an experiment, some preliminary studies at low static
pressure and room temperature have been performed.
The sensitivity was high enough to record signals at a
pressure around 6 mbar of CO2, with an excellent sig-
nal to noise ratio. The supersonic jet has allowed us to
decrease the temperature down to 30 K (Fig. 4). The
alignment that can be achieved at this temperature with
an experimental intensity of 47 TW/cm2 corresponds to
〈cos2 θ〉 = 0.65. This value is comparable to the one
achieved at higher intensity in our previous study using
a polarization technique at 60 K. But in the present case
the experiment is free from heterodyne contribution due
to spurious birefringence from optics.
The polarization grating (case B) can be discussed in
terms of alignment distribution, as for the intensity grat-
ing (case A). For example at a delay close to zero (modulo
TR), the molecules are aligned along the linear polarized
field (x and y-axis) and delocalized in the plane of polar-
ization xy (circular right and left). At time delay TR/4
(modulo TR), the molecules are delocalized in the planes
5FIG. 3: Experimental DFWM signal recorded as a function
of the pump-probe time delay in CO2 at room temperature
for perpendicular polarizations. The pressure is 0.03 bar and
pump peak intensity is (a) 37 TW/cm2, (b) 78 TW/cm2, and
(c) 135 TW/cm2. The numerical simulations [Eq. (7)] are
shown inverted for (a) 15 TW/cm2, (b) 30 TW/cm2, (c) and
55 TW/cm2. These theoretical values compare well with I0/2
(see text).
xOz or yOz, or aligned along the z-axis (circular right
and left). Intermediate elliptic polarization leads to in-
termediate state of alignment.
V. CONCLUSION
The main conclusions of this work are the follow-
ing. DFWM experiments with two synchronized spa-
tially crossed femtosecond pulses allow to produce tran-
sient gratings reflecting alignment of molecules. A contri-
bution due to ionization and plasma formation appears
at high intensities that heterodynes and therefore dis-
turbs the experimental signal. With perpendicular po-
larizations, the alignment signal can be isolated from the
plasma contribution. The experiments can thus be per-
formed at higher intensity keeping a good signal to noise
ratio. DFWM experiments prove to be very sensitive for
probing low density and low temperature samples such
as those obtained with a supersonic jet. Furthermore,
it is shown that quantitative measurements of alignment
are obtained through simulations by using a simplified
model, even in the case of perpendicular polarizations
which was a priori non-trivial.
Using different polarization schemes would permit to
FIG. 4: Recorded DFWM signal (lower panel, dots) as a func-
tion of pump-probe time delay in CO2 at 30 K in the super-
sonic jet for perpendicular polarizations. Measured peak in-
tensity of one pump is 47 TW/cm2. Simulated signal [lower
panel, full line, Eq. (7)] is calculated at 25 TW/cm2. The
calculated time dependence of 〈cos2 θ〉 is shown in the upper
panel.
create interesting patterns of aligned molecules that
could be used as a large frequency bandwidth spatial
modulator.
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APPENDIX A: POSTPULSE ALIGNMENT FOR
LOW AND MODERATE INTENSITIES
We analyse in this appendix the dependence of the
postpulse alignment of linear molecules on the pump
field intensities below the intrinsic saturation regime. We
show in particular that (i) for a linearly polarized pulse
the baseline of 〈cos2 θ〉 obeys the following law: quadratic
and next linear, (ii) its shape is linear and (iii) the align-
ment induced by an elliptically polarized field can be ana-
lyzed in term of the decomposition into linearly polarized
fields.
1. Linearly polarized field
A linearly polarized field leads to a postpulse alignment
characterized by 〈cos2 θ〉t, with θ the angle between the
molecular axis and the field polarization axis, which can
be generally characterized by
〈cos2 θ〉t − 1/3 = C +
∑
J
|aJ | cos(ωJ t+ φJ ), (A1)
where C is a constant value corresponding to the per-
manent alignment, and the second term, describing the
rotational wave packet revivals, is written in terms of
Fourier components of the amplitude |aJ |, the phase φJ ,
and the frequency ωJ (Raman frequency of rotational
transitions). In the present experimental conditions, the
phases are roughly constant: φJ ≈ −π/2 [9]. Within the
sudden impulsive regime (i.e. for τ ≪ h/B with τ the
duration of the pulse and B the rotational constant of the
molecule in Joule), where the pulse can be considered as
a δ-function, the coefficients C and |aJ | depend on the
effective area
ξ = ∆α/4~
∫
dtE2, (A2)
which is proportional to the peak field intensity I. For
CO2 molecules interacting with a Gaussian pulse of a
full-width at half maximum τFWHM = 0.1 ps, we have
ξ ≈ 0.444× I[TW/cm2].
Figure 5 shows the dependence of the law (A1) on the
pump intensity (centrifugal distorsion has not been con-
sidered in this study.) This allows us to define three
regimes of intensity: (i) low intensity associated to a
quadratic dependence of C (here up to I = 30 TW/cm2),
(ii) moderate intensity associated to a linear dependence
of C, and (iii) high intensity associated to the satu-
ration of maxt〈cos2 θ〉 − 1/3 − C. Below the satura-
tion, one can consider with a good approximation that
maxt〈cos2 θ〉 − 1/3− C is approximately linear with the
field intensity. This leads for low intensities to
〈cos2 θ〉t − 1/3 ≈ βξ2 + κξf(t) ≈ κξf(t), (A3)
where, for a given molecule and temperature, κ and β are
constant and f(t) is a specific function independent of ξ.
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FIG. 5: Permanent alignment C and maxt〈cos
2 θ〉t − 1/3−C
as a function of the peak pump intensity of τFWHM = 0.1 ps
in CO2 at T = 293 K (dotted lines). The former is quadratic
(full fitting line) approximately up to I = 30 TW/cm2 and
linear for higher intensities. The latter is linear (full fitting
line) for moderate intensities. Similar dependencies can be
found for other linear molecules and temperatures.
We can notice that the regime of low intensities extends
the result of the perturbative regime, even if it is not
itself a perturbative regime (usually defined as a small
population transfer), since it can exhibit a non negligible
alignment (maxt〈cos2 θ〉t ≈ 0.45 for I = 30 TW/cm2).
We also have βξ2 ≪ κξ, which shows that the permanent
alignment is negligible for low intensities. For moderate
intensity, Fig. 5 shows that the permanent alignment is
linear with respect to the peak field intensity, which leads
to
〈cos2 θ〉t − 1/3 ≈ [δ + κf(t)]ξ. (A4)
We can thus conclude that at low and moderate intensi-
ties (i.e. below the saturation of alignment), 〈cos2 θ〉t −
1/3 is approximately proportional to ξ, i.e. to the pump
intensity I.
2. Elliptically polarized field
We consider here the postpulse alignment induced by
an elliptically polarized field ~E(t) = E(t)(A cos(ωt) ~ex +
B sin(ωt)~ey), A
2 + B2 = 1. The associated interaction
reads
Hint = −∆α
4
E2(t)
[(
A2 −B2) cos2 θx −B2 cos2 θz](A5a)
= −∆α
4
E2(t)
[
A2 cos2 θx +B
2 cos2 θy
]
(A5b)
with the particular cases of linear polarizations along x
for A = 1, along y for B = 1, and of circular polarization
in the (x, y) plane for A = B = 1/
√
2.
In the sudden impulsive regime, the propagator reads
(the pulse interacting with the molecule at time t = 0)
U(t, 0) = e−iJ
2Bt/~eiξA
2 cos2 θxeiξB
2 cos2 θy , (A6)
where the irrelevant global phases have been omitted.
This propagator can be interpreted as the propagator as-
sociated to two interactions with fields linearly polarized
along x of effective area ξA2 and along y of effective area
ξB2. To calculate the expectation value (10), we first
consider (〈cos2 θi〉t− 1/3) (i = x, y, z) as a superposition
of two quantities corresponding to the action of the two
fields :
〈cos2 θi〉t − 1/3 = (〈cos2 θi〉t − 1/3)x−polar,A2
+(〈cos2 θi〉t − 1/3)y−polar,B2,
(A7)
where the first term is calculated for the x−polarized
field with a weighting factor A2 and the second one for
the y−polarized field with a weighting factor B2. Be-
ginning with i = x, the first term as estimated from
(A4), is ≈ A2ξ(δ + κf(t)). For the y−polarized field,
we would have by symmetry 〈cos2 θx〉t = 〈cos2 θz〉t, and
thus 〈cos2 θx〉t = (1 − 〈cos2 θy〉t)/2, using the property
cos2 θx+cos
2 θy +cos
2 θz = 1. The second term is there-
fore ≈ − 1
2
B2ξ(δ + κf(t)), using again A4. The summa-
tion in (A7) gives 〈cos2 θx〉t − 1/3 ≈ ξ(A2 − B2/2)(δ +
κf(t)). Performing the same calculation for i = y, z, we
finally find that in the intermediate field regime,
〈cos2 θx〉t − 1/3 ≈ ξ(A2 −B2/2)(δ + κf(t)), (A8a)
〈cos2 θy〉t − 1/3 ≈ ξ(B2 −A2/2)(δ + κf(t)), (A8b)
〈cos2 θz〉t − 1/3 ≈ −ξ(δ + κf(t))/2. (A8c)
We have in particular that 〈cos2 θx〉t−1/3 is well approx-
imated by the quantity ξ(δ + κf(t)) obtained from the
interaction with a linearly polarized field of peak inten-
sity I times the scale factor (A2−B2/2). We remark that
〈cos2 θz〉t − 1/3 does not depend on the ellipticity. We
also notice that 〈cos2 θy〉t−1/3 ≈ 0 when B2 = A2/2, i.e.
B2 = 1/3, A2 = 2/3. This particular ellipticity allows the
directions θx and θz to play a symmetric role in (A5a).
This property has been used in Ref. [11] to demonstrate
the optimal alternation of postpulse alignment.
For perpendicular polarizations, the observable
〈cos2 θx〉t − 〈cos2 θy〉t is required. We obtain
〈cos2 θx〉t − 〈cos2 θy〉t ≈ 3
2
(A2 −B2)ξ(δ + κf(t)) (A9)
8We can conclude that a good approximation for
〈cos2 θx〉t − 〈cos2 θy〉t can be obtained in the interme-
diate regime by calculating numerically 〈cos2 θi〉t − 1/3
with a single field linearly polarized along i of intensity
I and by applying the scale factor 3
2
(A2 −B2).
